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based mathematical in silico model of cardiac electric activity to facilitate understanding of the fundamental principles that determine how excitation propagates through the heart. Despite its simplicity, the model provides a very powerful teaching tool. In fact, its simplicity is integral to the model's utility. The contrast between the minimal set of rules that govern the model's function and the widely varied complex behaviors it can manifest offers insight into the nature of emergent behavior in wave propagation. Emergence in this context refers to the richness of the tissue activation patterns that arise from the aggregate behavior of the simple cells that comprise the tissue. Each cell can be active, inactive, or refractory and interacts only with its immediate neighbors. From these simple building blocks, very elaborate global behaviors emerge.
Model Utility
From the perspective of the electrophysiology student, the notion of emergent properties can act as a Rosetta stone for deciphering electrophysiological behavior. The spread of electric excitation through the intricate 3D structure of the heart can take widely varied forms, ranging from the orderly propagation seen during sinus rhythm to the marked disorganization seen during ventricular fibrillation. Observation of the diverse and sometimes complex patterns of conduction (eg, unidirectional block, reentry, spiral waves) as well as the responses to pacing maneuvers (eg, entrainment) suggests to the electrophysiology student a nearly infinite array of possibilities, the mastery of which can be daunting. However, with study, it becomes apparent that one need not memorize every possible cardiac behavior. Instead, there are overarching principles of cardiac excitation and propagation 1 from which these varied phenomena emerge and through which one can understand and predict rather than memorize electrophysiological behavior. Understanding these fundamental principles is integral to mastering electrophysiology.
A framework for interpreting clinical observations predicated on these principles has been formalized in the computer model we have developed. The interactive nature of the model provides a substrate for active learning rather than passive observation. The student can simulate complex conduction, such as unidirectional block and reentry. This requires grappling with identification of the conditions that are fundamental to reentry, thereby providing a durable learning experience. Experimentation with the model facilitates learning and appreciation of the principles responsible for electrophysiological behaviors.
In the material to follow, we review the conceptual design of our model. We show several examples of how use of the model demonstrates important electrophysiological principles. What is provided, however, is not intended to be an exhaustive review of the lessons that can be learned from use of the model; rather, it serves as an introduction to the ways in which the model can be instructive.
The Model
The model (along with several sets of prestored parameters) has been provided so that readers can experiment on their own. Additionally, the mathematics have been included for interested readers but are not required for appreciation of the model's utility as a learning tool. Please see the online-only Data Supplement to download the model and accompanying materials; http:// circep.ahajournals.org/cgi/content/full/CIRCEP.110. 961524/DC1.
Model Design
There are an enormous number of aspects to any complex system that can be described mathematically. How comprehensively one designs a model of such a system depends on the desired use of the model's output. As a guiding principle, a model should be as simple as possible while maintaining sufficient detail to achieve simulation of the desired aspects of the system. The advantage of the simplest model is that it can be used more rapidly and easily than a complex model. There is a deeper conceptual utility conferred by simplicity that is succinctly expressed in a quote attributed to Albert Einstein: "Everything should be made as simple as possible, but not simpler." The phrase "as simple as possible" implies capturing the very essence of a system, excluding all that is incidental or derivative, whereas the phrase "but not simpler" implies leaving out nothing that is fundamental.
What We Modeled
We defined a set of rules that govern the behavior of individual "cells" and how they interact with their immediate neighbors.
What We Did Not Model
We did not explicitly model the global behavior of the tissue once it was excited. The spread of electric activity in our model is entirely an emergent property that arises from the programmed behavior of the individual cells and their interactions. We also did not model the details of how cells become excited (ie, the kinetics of ion channels), resorting instead to merely specifying a set of rules that each cell obeys depending on its circumstances. Somewhat surprisingly, the intricate details of how the excitation of a cell is achieved are not critical to the production of a vast array of clinically relevant macroscopic tissue behaviors.
The Behavior of the Model

The Properties of Conduction in Tissue
For electric activation to propagate through tissue, current must flow from excited cells to adjacent quiescent, but excitable cells. A group of excited cells is referred to as a source, whereas a group of electrically connected adjacent, but unexcited cells are referred to as a sink. The relative sizes of a source and sink determine the success or failure and the rate of propagation. 2 Accordingly, the geometric arrangement of groups of cells and their interconnections influence the source/sink balance. For example, a wedge-shaped accessory pathway can exhibit unidirectional conduction as a consequence of its geometry, as illustrated in Figure 1 . Here, a wavefront successfully propagates from the atrium into the wide end of the accessory pathway because the source (comprising the atrial cells surrounding the entrance to the pathway) is larger than the sink (made up of the 3 cells spanning the wide end of the pathway itself). This sink then becomes the source for the narrower region deeper within the pathway, and so on, until the narrowest part of the pathway is reached at the entrance to the ventricle. Now, however, the sink suddenly becomes very large, comprising the ventricular cells fanning out from the end of the pathway. At this point, the single cell in the source at the end of the pathway cannot generate enough current to activate the 3 cells in the sink, and propagation fails. The overall result is conduction block from an accessory pathway to the ventricle. But now consider what happens when activation proceeds in the opposite direction. For the most part, the scenario is the same except in reverse, until the activation is ready to leave the wide end of the pathway and enter the atrium. At this point, there are 3 cells in the source attempting to excite 5 cells in the sink, a more favorable ratio than the previous 1:3 situation, and propagation proceeds. The unidirectional block created by this pathway geometry can provide 1 of the conditions necessary for initiation and maintenance of reentry. 3 Reentry occurs when excitation travels along a path that ends where it began such that propagation repetitively traverses the circuit. Reentry is only possible when the conduction time around the loop is less than (or equal to) the time required for each cell in the circuit to recover excitability (refractory period). If the conduction time is shorter than the refractory period, the wavefront will encounter unexcitable tissue and extinguish. It is customary for electrophysiologists to express these parameters in terms of distances (circuit length, the physical distance over which electric activity must travel; wavelength, the distance from the leading edge to the trailing edge of the wavefront). The model can be used to explore these principles of reentry ( Figure 2 ).
With the freedom to manipulate the characteristics of tissue conduction and refractoriness as well as the geometric distribution of healthy and diseased tissue, students can discover for themselves the fundamental conditions required for initiation, maintenance, and termination of reentry. The type of reentry described thus far has a fixed anatomic substrate (ie, there is a physically determined circuit). There is a second type of reentry, however, that has a dynamic, functional substrate. In this latter case, the source/sink relationships determined by the shape of an activation wavefront produce the conditions responsible for reentry (reduced conduction velocity and block). By virtue of its geometry, a flat wavefront has an equal source and sink. A convex wavefront, on the other hand, has a larger sink than source, which causes it to propagate slowly, whereas the opposite is true for a concave wavefront. This situation is illustrated in Figure 3 , which shows an initially planar wavefront moving to the right past a vertical linear segment of scar tissue. As the leading edges of the wavefront make their way past the scar, they develop a convex curvature because of the movement of activation into the region to the right of the scar. The concave portions travel the fastest, which eventually causes the wavefront to become planar again once it has moved far enough past the scar. Conduction velocity, and ultimately the success or failure of conduction, are thus functions of wavefront curvature. 4 An extreme example of the effects of curvature is illustrated in Figure 4 , which shows a spiral excitation wave, or rotor. The innermost portions of the rotor maintain a curvature so great that propagation fails (secondary to source/sink mismatch), creating a central area of excitable, but unexcited tissue around which the rotor spins. Manipulation of the model's initial conditions allows users to create multiple rotors that can degenerate into "daughter waves" that in turn can persist, divide, coalesce, or extinguish. Users can then explore the relationships between wavelength and circuit length, confirming for themselves the validity of the mass hypothesis of atrial fibrillation. 5
The Response to Pacing Maneuvers
Mapping provides a means of deducing the underlying activation pattern of the heart, but sometimes even an accurate activation map is insufficient for discerning which areas are responsible for driving an arrhythmia. For example, in the absence of conduction block, all areas of the heart are excited with each beat. However, only some areas of tissue are involved in the maintenance of an arrhythmia (ie, are in the circuit), whereas others are simply passively driven as a result of activity emanating from the arrhythmogenic region (ie, are out of the circuit). Entrainment mapping, 6,7 is a clever means of using the response to pacing maneuvers to determine whether a pacing site is in or out of the tachycardia circuit ( Figure 5 ). During entrainment mapping, one paces the heart at a cycle length slightly shorter than the tachycardia cycle length, which allows one to "capture" the circuit (activation occurs as a result of the paced wavefront rather than of the tachycardia wavefront). Pacing is then stopped, and the time from the last paced beat to the subsequent tachycardia beat, the postpacing interval, is measured. After the final paced beat, activation proceeds from the pacing site to the circuit, around the circuit, and back to the pacing site. The effects of curvature on conduction velocity. As excitation spreads around a linear scar, 2 curved wavefronts coalesce, forming a concave leading edge. The source/sink ratio is greatest at the concave center, which therefore propagates more rapidly than the flatter portions of the wavefront. As a result, the wavefront becomes progressively less concave.
If the pacing site is in the circuit, then the time from the pacing site to the circuit (and back) is 0. If the conduction velocity around the circuit is the same during tachycardia as it is during pacing, then the time around the circuit is, by definition, equal to the tachycardia cycle length. Thus, if the postpacing interval is equal to the tachycardia cycle length, then the pacing site is in the circuit. If the postpacing interval is greater than the tachycardia cycle length, then either (1) the pacing site is out of the circuit or (2) the conduction velocity around the circuit is slower during pacing than during tachycardia (decremental conduction secondary to functional refractoriness).
Using the model, one can create a reentrant arrhythmia with both passive and active components and then pace at user-defined rates and locations. Examination of the response to pacing can elucidate the concepts integral to understanding entrainment mapping ( Figure 5 ). Entrainment requires an electrically stable reentrant circuit (same cycle length and activation sequence with each beat) and an excitable gap (a period of time during which cells have recovered excitability after 1 excitation and before the arrival of the next wavefront).
The preceding are just a few examples of ways in which cardiac electrophysiology can be explored using the model. We invite the reader to experiment with the model on their own. It can be downloaded at http://www.fletcherallen.org/ cardiacmodel.
Model Limitations
Although our computational model exhibits a wide range of usefully realistic behaviors, we must remain cognizant of the fact that it is far from a perfect representation of real cardiac tissue. Indeed, our emphasis has been on simplicity for ease of use and speed of operation, so there are numerous known details of cardiac electrophysiology that are not included. For example, we have not explicitly modeled the behavior of the numerous ion channels that dynamically regulate the flow of ions across cell boundaries. A great deal is known about these channels, which have been incorporated in other models. 8 -10 Of course, the multiscale nature of biological systems means that we can, to a useful degree, replace the myriad details of these channels and their microscopic behavior with a set of empirical rules. These rules encapsulate most of the mesoscopic consequences of channel physiology, which in turn give rise to the macroscopic electric activity of the model. Nevertheless, our model does not link macroscopic electric activity directly to the microscopic behavior that causes it in a real heart. Another limitation of our model is its geometry; we consider merely a rectangular, 2D sheet of tissue. It is important to remember that the tissue geometry in 3 dimensions can be a critical factor in arrhythmogenesis, 11 and even inclusion of a realistic curvature and topology in 2 dimensions has been used to advantage in previous models. 10, 12 These various limitations of our model reflect the practical tradeoffs we have made in devising a convenient and manageable teaching tool.
Historical Perspective
Modeling of ion channels and action potentials got its start with the Hodgkin and Huxley 13 model for the behavior of ion channels in the giant axon of the squid. Very powerful models of cardiac cells were subsequently developed that used partial differential equations to describe ion channel behavior. 14, 15 The accuracy of these models improved as data became available from voltage clamp experiments. These models provided a robust mathematical description of cardiac cell membrane behavior. By linking cells together through resistive gap junctions, such models could provide the building blocks for study of propagation through cardiac tissue. 16 Although such model designs provide a relatively detailed accounting of tissue behavior and are well suited to examine the effects of various physiological perturbations (eg, pharmacological interventions or ischemia), they come at a very high computational cost.
Different model designs were developed that attempted to preserve much of the functional accuracy of tissue behavior but at reduced computational burden. Models using differential equations that describe dampened oscillators [17] [18] [19] were developed and manifest many of the complex emergent properties of tissue propagation seen with ion channel-based models but with fewer variables and lower processing requirements. 20 An even greater level of design simplification makes use of cellular automata to study propagation in cardiac tissue. [21] [22] [23] [24] Cellular automaton models (like ours) use (1) discrete cell states (quiescent, excited, refractory), (2) a simple lattice structure (generally square or hexagonal), and (3) a simplified set of rules that govern the way that cells Figure 5 . Entrainment mapping. A reentry circuit is shown wherein the reentrant wavelength is indicated by the red arrow, the excitable gap is indicated by the blue tail, and the passive wavefront is indicated by the yellow arrow. Although every cell is activated with every beat, only the left side of the tissue (1, active area) is "in the circuit," whereas the right side of the tissue (2, passive area) is "out of the circuit." When pacing from inside the circuit (top tracing) the PPI is equal to the TCL. When pacing from outside the circuit (bottom tracing), the PPI is much longer than the TCL. PPI indicates postpacing interval; PCL, pace cycle length; TCL, tachycardia cycle length.
update their state as a function of interaction with the state of their neighbors. The first application of cellular automata to cardiac propagation was conceived by Wiener and Rosenbleuth 21 23 expanded the neighborhood beyond the immediately adjacent cells and provided weighted coupling between cells. They and others made various modifications to the cellular automata rules to more accurately mimic tissue properties such as source/sink relationships and restitution. 23, 24 With these modifications, they beautifully demonstrated emergent behaviors, including conduction velocity dependence on wave curvature, and excitation frequency and the dependence of rotor core trajectory on tissue excitability.
Each of these cellular automata models have a purely excitation state-based rule for propagation. The number of neighbors required to excite a cell vary from model to model. Some incorporate a larger neighborhood and a weighting function to determine the connectivity between cells. The present model is a variation on this theme in which cells have an "intrinsic" voltage that varies with time. Cells are electrically connected to their neighbors, and current shifts between cells according to Ohm law. Thus, the intrinsic cell voltage (action potential) is altered through electrotonic interactions with the cell's neighbors during active as well as passive intercellular current flows. To the best of our knowledge, this agent-based model is the first to use such an approach. In so doing, the model allows current to accumulate over several time steps, ultimately reaching threshold for excitation. In this way, a cell's state depends on the state of its neighbors over several time steps. The present model thus exploits the computational efficiency of a cellular automaton for most of its behavior while gaining the precision afforded by differential equations to account for intercellular current flow.
Conclusions
The model described provides a concrete example of how guiding principles offer a means to decipher electrophysiological behavior. Experimentation with the model enables students to interactively use these principles to explore electric propagation through excitable tissue. The model provides several advantages over in vivo laboratory demonstrations, including convenience, speed, flexibility, and independent control of relevant parameters. The speed of the model (related in part to its simplicity) facilitates interaction. Because students can conceive of an experiment, perform it, and observe its results in just a few minutes, the ability to learn iteratively is enhanced compared with the pace of learning from in vivo experimentation. Additionally, as opposed to in vivo experimentation, in silico experiments have the advantage that the initial conditions of 1 experiment are independent of the final conditions of the prior experiment. We hasten to point out that, of course, computer simulations are simply enhanced-thought experiments and cannot be used to replace biological experiments. Rather, scientific discovery benefits from the interaction between experimentation and theoretical work (including computer simulations).
This computer model is simply a formalization of our understanding of the principles that govern macroscopic behavior of electric propagation, embodied in a set of rules obeyed by each cell in the model. The appropriateness of these rules is reflected in the extent to which the model behaves realistically under those circumstances that we deem to be of interest. Importantly, even the very minimal set of rules we have used here is adequate to produce a staggering array of complex emergent behavior at the level of the whole tissue. Thus, this model serves not only as a teaching tool for cardiac electrophysiology, but also as an example of how multiscale emergent behavior can arise in complex biological systems.
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